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NATIONAL, AERONAUTICS AND SPACE ADMINISTRATION 

TECRmICAL MEMORANDUM X-96 

COK3USTION STABILITY OF A HYDROGEN JXT ISSUING 

FROM A CYLINDRICAL SPRAY BAR* 

By Paul D. Reader and John W. Sheldon 

SUMMARY 

The l imi t ing  values of t he  geometric and l o c a l  flow var iab les  are 
determined f o r  stable combustion of an unobstructed hydrogen-fuel j e t  
i s su ing  from a cy l ind r i ca l  spray bar. 
d i t i ons  at pressures  between 0.15 and 1 atmosphere i s  presented. 
of blowout ve loc i ty  from 2 1  t o  660 fee t  per second was covered. 

An extensive map of blowout con- 
A range 

INTRODUCTION 

Theoret ical  advantages of using hydrogen f u e l  i n  a high-al t i tude 
high-flight-Mach-number ramjet engine have been shown i n  reference 1. 
These advantages a r e  a resu l t  of t he  high r e a c t i v i t y  and cooling capacity 
of hydrogen. 

For an i n l e t  a i r  pressure above 1 atmosphere and an i n l e t  air  veloc- 
i t y  below 300 feet  per second, e f f i c i en t  ramjet combustors u t i l i z i n g  
hydrogen f u e l  have been developed which do not requi re  flameholders but 
s ea t  t h e  flame at each f u e l  i n j ec t ion  o r i f i c e  on a spray bar (refs. 2 
and 3). 
severe i n l e t  conditions (ref. 4). Reference 5 repor t s  combustor blowout 
at comparatively mild flow conditions f o r  an unobstructed hydrogen j e t  
i s su ing  from a combustor w a l l .  
would be expected t o  permit flame s t a b i l i z a t i o n  a t  more severe flow con- 
d i t i ons  than would be possible  w i t h  j e t s  i s su ing  from combustor walls. 

This configuration becomes ine f f i c i en t  and unstable at more 

The rec i rcu la t ion  zone behind a spray b m  

The program reported herein w a s  designed t o  determine the  e f f e c t s  
of geometric and l o c a l  flow parameters on blowout pressure for .I hydrogen . j e t  i s su ing  from a spray bar. 

Various spray-bar configurations were t e s t e d  i n  a 3- by 5-inch-cross- 
sec t ion  combustor. Geometric variables s tudied included spray-bas 

*Ti t le ,  Unclassified.  
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diameter, i n j e c t i o n  o r i f i c e  diameter, i n j e c t i o n  direct ion,  and o r i f i c e  
spacing. Spray-bar diameters ranged from 0.188 t o  0.675 inch; o r i f i c e  
diameters from 0.028 t o  0.081 inch, 
normal t o  t h e  airs t ream ( in jec t ion  d i rec t ion ,  90°) f o r  most of the  tests.  
The in jec t ion  d i rec t ion  was var ied with one configuration from upstream 
( inject ion direct ion,  0') t o  downstream ( in jec t ion  direct ion,  180'). "he 
e f f e c t  of j e t  in te rac t ion  on s tabi l i ty  was determined by varying the d is -  
tance between o r i f i c e s  i n  the  range from 0.25 t o  0.75 inch. These t e s t s  
were conducted with f u e l  a t  approximately room temperature, 
then conducted with one spray-bar configuration using hydrogen at a t e m -  
perature of approximately 1200° F. 

The hydrogen j e t s  were d i rec ted  

Tests were 

Combustor pressure at blowout was determined f o r  airflows of 1.5 t o  
6,7 pounds per second per square foot  of combustor cross  sect ion (21 t o  
660 f t / sec)  and f u e l  flows per o r i f i c e  of 0.05 t o  2.4 pounds per hour. 
All t e s t s  were conducted with air  a t  approximately room temgerature. 

APPARATUS AND PROCEDURE 

Combust o r  Instal la t  ion 

A schematic diagram of t h e  combustor instalTat ion i s  shown i n  f i g u r e  
1. A i r  of the  desired quant i ty  and pressure was drawn from the  laboratory 
a i r  supply system, metered with a sharp-edged o r i f i c e ,  passed through the  
combustor, and exhausted i n t o  the  a l t i t u d e  exhaust system. Airflow and 
combustor-chamber-inlet pressure were regulated by remotely control led 
valves w i t h  bypass l i n e s  and valves f o r  f i n e  adjustments. The rectangular 
3- by 6-inch duct was reduced a t  t h e  t es t  sect ion t o  3 by 5 inches by a 
f a i r e d  1-inch-thick block. The f a i r i n g  w a s  used i n  a previous p ~ o g a m  
(ref .  5) t o  minimize t h e  boundary layer  a t  a w a l l  jet i n j e c t o r .  Figure 
2 shows how the  spray bars were mounted perpendicular t o  t h e  duct w a l l .  

A re t rac tab le  single-electrode spark wire provided i g n i t i o n  for 
s t a r t i n g  t h e  combustor. 

The f u e l  flowed from compressed gas cylinders through regulat ing 
and metering devices t o  the  f u e l  i n j e c t o r .  
used t o  determine the  flow r a t e .  
measured immediately upstream of t h i s  o r i f i c e .  

A c r i t i c a l  flow o r i f i c e  was 
Fuel  temperature and pressure were 

The tes t - sec t ion  and f u e l  i n j e c t i o n  s t a t i c  pressures were measured 
both by manometers and by pressure transducers.  
ducers were recorded on an automatic balancing X-Y potentiometer. 

Outputs from t h e  t rans-  
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F u e l  Eleater 

Fuel  temperatures of approximately 1200° F were a t t a ined  w i t h  t he  
The f u e l  was passed through a use of an e l e c t r i c a l  res i s tance  heater. 

3-foot length of 3/8-inch heavy-wall Inconel tube which served as the  
element f o r  t he  heater .  
var iab le  low-voltage transformer. 

Up t o  3000 watts of power was avai lab le  from a 

, 
Procedure 

Data were taken i n  the  following manner: Predetermined values of 
f u e l  and a i r f low rates were s e t ,  with the combustor pressure at a suf- 
f i c i e n t l y  high value t o  e s t ab l i sh  a s tab le  flame. 
s t a b i l i z e d  and the spark electrode withdrawn, the cambustion pressure was 
slowly reduced. The f lame was observed through a window i n  t h e  tes t  sec- 
t ion ,  and, when blowout occurred, a manually applied input t o  t h e  X-Y re- 
corder i d e n t i f i e d  t h e  value corresponding t o  combustor pressure a t  bluw- 
out. Blowout w a s  recorded when all j e t s  w e r e  out. 

After combustion was 

Test Conditions 

Blowout pressure was determined for  t he  following flow conditions:  

Airflow per square foot  of combustor cross sect ion,  
lb/sec . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-5 t o  6.7 

I n l e t  a i r  veloci ty ,  f t / sec  . . . . . . . . . . . . . . . . .  2 1  t o  660 
Fuel flow per i n j ec t ion  o r i f i ce ,  lb/hr . . . . . . . . . . .  0.05 t o  2.4 
Combustor pressure,  a t m  . . . . . . . . . . . . . . . . . .  0.15 t o  1 

I n l e t  A i r  Velocity P r o f i l e  

A ve loc i ty  survey made i n  the  cross-section plane of f u e l  i n j ec t ion  
a t  two t y p i c a l  combustor-inlet conditions indicated a r e l a t i v e l y  f l a t  
p ro f i l e ,  varying less than ;t8 percent f rom the  average veloci ty .  
tube to ta l -pressure  rake was used t o  measure pressures a t  seven v e r t i c a l  
s t a t i o n s  i n  the  duct.  The ve loc i ty  p ro f i l e s  ( f ig .  3) were computed from 
these  t o t a l  pressures, the s t a t i c  pressure, and the  air temperature. 

A four-  

RESULTS ANI) DISCUSSIOR 

The combustion s t a b i l i t y  da ta  are t abu la t ea  i n  t a b l e  I and presented 
i n  f i g u r e s  4 t o  11. 
A separa te  graph i s  presented for each o r i f i c e  and spray-bar configura- 
t ion .  

Blowout pressure i s  used as the  dependent var iable ,  

For a given airflow the  plot ted curve represents  t he  minimum 
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pressure of combustion, t h a t  i s ,  blowout, Unstable combustion was fre- 
quently observed when operating at  pressures  within about 0.5 inch of 
mercury of the  curve. 

Ef fec t  of Flow Parameters 

The a i r f low r a t e  presumably a f f e c t s  the s t a b i l i t y  only v i a  the  as- 
sociated parameters of pressure,  veloci ty ,  and temperature. An increase 
i n  airflow resu l t ed  i n  blowout occurring a t  higher pressure and higher 
velocity.  Apparently, t he  adverse e f fec t  of increased ve loc i ty  may be 
overcome by a roughly proport ional  increase i n  pressure.  

A t  constant a i r f low a minimum blowout pressure occurs at  a compara- 
t i v e l y  low (subsonic) f u e l  flow. 
highest  fuel-flow values; however, at t h i s  condition the  f u e l  j e t  pene- 
t r a t e d  across t h e  combustor, and blowout pressure was  more l i k e l y  t o  be 
dependent on the  duct geometry than t h e  o r i f i c e  geometry. 

Blowout pressure w a s  reduced at the  

In jec t ion  angles between normal and s l i g h t l y  downstream from normal 
(90' < f u e l  d i rec t ion  < 1 3 5 O )  were t h e  most unstable,  t h a t  is, highest  
pressure a t  blowout. This i n s t a b i l i t y  may be connected with t h e  separa- 
t i o n  of the boundary layer  of t h e  spray bar  which occurs i n  t h i s  v i c in i ty .  

The va r i a t ion  of s t a b i l i t y  with spray-bar diameter i s  shown i n  f i g -  
ures  5 and 6. Cross p l o t s  of these da ta  at three  airflow values a r e  given 
i n  f igure  7, The 0.625-inch-diameter spray bar  produced less s t a b l e  
flames than the  0.375- or 0,188-inch-diameter spray bars .  The 0.625-inch- 
diameter spray bar w a s  not la rge  enough t o  make blockage of t he  duct a 
f a c t o r  affect ing s t a b i l i t y .  

The e f f ec t  of varying the  dis tance between t h e  f u e l  o r i f i c e s  along 
t h e  axis of t he  spray bar  i s  shown i n  f i g u r e s  5 and 8. Cross p l o t s  of 
these data a r e  given i n  f igu re  9 f o r  t h ree  values of airflow. The 0.50- 
inch o r i f i c e  spacing produced more s t a b l e  operation (lower blowout pres- 
sure)  than e i t h e r  t he  0.25- or 0.75-inch o r i f i c e  spacing f o r  t h e  tempera- 
t u r e  considered. Generally, t h e  most unstable  combustion was obtained 
with the  0.25-inch spacing. 

Combustor blowout pressure as a f f ec t ed  by f u e l  o r i f i c e  s i z e  i s  shown 
i n  f igures  5 and 10. 
constant values of f u e l  and airf low shows t h a t  t h e  combustor blowout pres- 
sure  obtained with the  l a rge r  o r i f i c e  (0.081-in. d i m . )  w a s  somewhat lower 
than t h a t  obtained with the  0.052-inch o r i f i c e  a t  f u e l  flow values below 
about 0.8 pound per hour per o r i f i ce .  
t h e  0.052-inch o r i f i c e s  were general ly  at  a lower blowout pressure.  
t h a t  t h e  0.028-inch o r i f i c e  configurat ion consis ted of four  j e t s ,  two 
in j ec t ing  upward toward the  top of t he  duct and two i n j e c t i n g  downward, 

Comparison of t h e  da ta  of f igu res  5 and l O ( b )  at 

Above t h i s  value, t he  da ta  with 
Note 
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The l imi ted  da ta  taken on the  0.028-inch o r i f i c e  configurat ion were due 
t o  f u e l  flow l imi ta t ions .  

Effect  of Fuel Temperature 

A 0.375-inch-diameter s r ay  bar  with two 0,052-inch-diameter normal 
in j ec t ing  o r i f i c e s  spaced lfi inch apart w a s  used t o  determine the effect 
of a n  increase i n  f u e l  temperature on blowout pressure.  
given i n  f i g u r e  11, The curves on t h i s  f i g u r e  are from f i g u r e  5 ( f u e l  at 
85O F) .  Comparison of the  data points with the  curves ind ica tes  t h a t  t h e  
increase i n  f u e l  temperature from 85O t o  12000 F d id  not produce a marked 
e f f e c t  on canbustion s t a b i l i t y  f o r  the p a r t i c u l a r  configuration s tudied.  
A s l i g h t  decrease i n  s t a b i l i t y  was consis tent ly  observed a t  t h e  elevated 
temperature .- 

The d a t a  are 

Effec t  of Geometric Parameters 

The e f fec t  of i n j ec t ion  angle on s t a b i l i t y  i s  i l l u s t r a t e d  i n  figure 
4. A t  low airflows, upstream inject ion w a s  t he  most s t ab le ,  probably 
caused by the  mushrooming f u e l  j e t  acting as a flameholder. The stagnant 
end of t he  bar, which w a s  not cooled by t h e  flow of fue l ,  w a s  heated t o  
a b r igh t  orange, 
stream in jec t ion .  With an a i r f low of 6.7 pounds per second per  square 
foot  and a pressure of 4.2 inches of mercury, blowout ve loc i ty  was  reg- 
i s t e r e d  a t  660 feet per second, 

A t  high airf lows maximum s t a b i l i t y  occurred with d m -  

CONCLUDIITG REMARKS 

Upstream inject ion,  although s table  f o r  lower ai r f lows,  reduced t h e  
momentum of the  gas stream and could lead t o  severe heat ing of spray-bar 
and adjacent hardware. 
bustor length and temperature p r o f i l e  con t ro l  problems. 
t ion,  although giving good f u e l  d i s t r ibu t ion  over t he  duct, was compara- 
t i v e l y  unstable.  The grea tes t  i n s t a b i l i t y  occurred when t h e  o r i f i c e  w a s  
i n  t h e  boundary-layer separat ion zone of t h e  spray bar. 

Downstream in jec t ion  would lead t o  increased com- 
Normal i n j ec -  

The thinner ,  higher speed boundary layer around a la rge  spray bar 
may account f o r  t h e  reduced flame s t a b i l i t y  with the  l a rge r  spray-bar 
diameter. 

S t a b i l i t y  i s  probably effected by having a cor rec t  fuel-air  r a t i o  
with the proper proximity t o  the  spray bar. 
with d i f f e r e n t  o r i f i c e  spacings may be due t o  t h e  movement of t h e  co r rec t  
f u e l - a i r  r a t i o  zone i n  and out of an  optimum zone of s t a b i l i z a t i o n  around 
the  spray bar. 

The s h i f t  i n  s t a b i l i t y  data 
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High-temperature f u e l  t e s t s  were l i m i t e d  t o  one configurat ion only, 
and the  ind ica t ion  t h a t  s t a b i l i t y  i s  no t  g rea t ly  a f fec ted  by f u e l  temper- 
ature may not hold f o r  other configurations. 

c 

SUMMARY OF RESULTS 

The following r e s u l t s  were reached concerning t h e  combustion stabil- 
i t y  of a hydrogen f u e l  jet issuing from a spray bar: 

? 
I+ 
0 
P 

1. Upstream f u e l  i n j ec t ion  was the most stable at l a w  airflows; 
stream i n j e c t i o n  was  t he  most stable at  h igh  airflows; normal in j ec t ion  

down- 

w a s  t h e  most unstable at a l l  airflows tes ted.  

2. The 0.625-inch-diameter spray b a r  produced less s t ab le  flames than 
t h e  0.375- or 0.188-inch-diameter spray bass. 

3, For t h e  temperature range tes ted  an optimum in j ec t ion  o r i f i c e  
spacing of 0.5 inch was found. 

4, RaisiEg t h e  fuel t e q e r a t - z e  fma 85' F t o  approximte ly  i 2 0 G o  P 
d i d  not produce a &ked e f f e c t  on combustion s t a b i l i t y  f o r  t h e  configu- 
r a t i o n  studied. 

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, July 28, 1959 
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TABLE I. - COMBUSTION S T A B I L l T Y  DATA 

-1800 
Airflow 

00- 1) 

( a )  Number of o r i f i c e s ,  two; f u e l  temperature,  85O F; a i r  tempera ture ,  85O F; 
b a r  s i z e ,  0.375 inch;  o r i f i c e  spacing,  0.5 Inch; o r i f i c e  s i z e ,  0.052 i n c h  

I n j e c t i o n  angle ,  
deg 

180 
180 
150 
150 
135 
135 
120 
120 

90 
90 
60 
45 
30 

0 

0 
0 

30 
30 
30 
45 
45 
60 
60 
90 
90 
90 

120 
135 
150 
180 
180 

0 
0 

30 
45 
45 
60 

135 
150 
150 
180 
180 

A l r f  low rat  e ,  

( s e c J ( s q  f t J  
l b  

Fuel-flow r a t e  
lb /hr -or i f  i c e  

- 
0.4 

.8  

.8 

.4 

.4 

.8 

.8 

.4 

.4 

.8 

. 4  

.4 

.4 

.4 

. 4  

.8 

.8 

. 4  

.4 

. 4  

.e 

.B  

. 4  

.4 

.e 

.8 

.8 

.4 

.4 

.8 

.4 

.8 

.4  

.8 

.8 

.4  

.8 

.4 

.8 

.4 

.4 

.8  

Combustor static 
p r e s s u r e ,  

i n .  Hg a b s  

10.2 
20.2 
25.7 
15.8 
23.8 
23.5 
21.5 
23.5 
21.1 
17.4 
12.6 

9.7 
7.0 
4.2 

5.1 
3.7 

10.9 
23.6 
19.6 
21.9 
14.5 
18.8 
22.4 
26.7 
26.2 
27.2 
29.1 
25.6 
14.3 
13.4 
3.5 

8.6 
18.9 
20.9 
23.9 
25.0 
29.3 
24.5 
25.2 
12.5 
4.2 
6.9 

78.1 
39.4 
31.4 
51.2 
34.0 
34.5 
37.7 
34.6 
38.4 
46.6 
64.3 
83.5 

115.7 
192..9 

344.6 
474.9 
161.2 

74.5 
89.7 
80.2 

12:. 2 
93.5 
78.5 
65.8 
67.1 
64.6 
60.4 
68.6 

122.9 
131.2 
502.1 

321.7 
146.6 
132.4 
115.8 
110.7 
94.6 

113.1 
109.6 
221.3 
658.5 
399.8 

A i r  v e l o c i t y ,  
f t / sec  

( b )  Number of o r i f i c e s ,  two; f u e l  temperature, 85' F; a i r  tempera ture ,  85O F 

- B F l T r T  s i z e ,  s i z e ,  spacing, r a t e ,  

( s e c ) ( s q  f t )  

52 1.18751 0 0.5 0.408 
.560 
.693 
.896 

1.125 

20.6 
17.8 
17.2 
15.2 
14.6 
19.8 :::: 1 G . 4  

1.438 14.6 
1.754 I 14.3 

1.022 

1 .ooo 
1.396 15.2 
1.730 15.2 

A i r  
v e l o c i t y ,  

f t / s e c  

58.4 
67.6 
70.0 
79.1 
82.4 
60.8 
73.4 
82.4 
84.1 

58.7 
66.4 
72.3 
76.6 
88.6 
63.8 
71.9 
92.7 
92.7 

7 
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Bar 
s i z e ,  
i n .  

1.1875 

T 

1.625 

t 
.375 

TABLE I. - Continued. COMBUSTION STABILITY DATA 

( b )  Continued. Number of o r i f i c e s ,  two; f u e l  temperature,  
85' F; a i r  temperature,  85' F 

0 .  

- 

0.75 

0 

O r i f i c e  
spacing, 

i n .  

~ 

0.25 

. .  
4.3 

t 

2.9 

I 
3.4 

T 

4.5 

V 

2.9 

I 
3.4 

Y 

4.3 

1 
2.9 

T 

____ 
Airflow 

r a t e ,  
lb 

1 s e c ) I s q  ~ f t  

~~~ 

Fuel-flor 
r a t e ,  
lb/hr- 

o r i f i c e  

0.345 
.508 
.717 
.508 
.857 

.684 

.932 
1.337 
1.661 
1.990 

.e40 
1.680 
1.190 
1.462 

.684 

.550 

1.03 

.448 

.925 

.725 

.891 
1.112 
1.325 
1.610 
1.790 

.826 

.685 

.571 

.462 

1.124 
1.310 
1.500 
1.630 
1.810 
1.942 
2.080 
2.222 
1.780 

.920 

.738 

.825 

.674 

.e55 
1.090 
1.260 
1.482 
1.750 

1.100 
.996 
.867 
.710 
.581 
.461 
.323 
.605 
.855 

1.980 

2.130 
1.855 
1.520 
1.156 

.e61 

.718 

.912 

.387 

.532 

.663 

.79 

.____ 
Combus t o r  

s t a t i c  
pressure ,  
i n .  Hg abr 

~~~ 

24.6 
25.4 
22.8 
24.6 
21.3 
19.4 
25.1 
22.0 
1 7 . 1  
16.5 
17.7 

25.8 
21.4 
21.1 
20.6 
23.2 
26.9 
29.3 
21.2 

30.2 
28.5 
21.4 
20.9 
20.6 
21.2 
27.1 
27.3 
28.7 
30.1 

27.5 
26.2 
26.3 
23.9 
24.2 
25.0 
24.4 
23.8 
26.6 
28.3 
30.3 
29.4 

25.0 
23.8 
22.2 
19.9 
19.6 
17.3 

24.3 
23.5 
25.1 
26 .O 
26.5 
26.1 
25.0 
25.5 
27.6 
23.3 
21.4 
18.8 
17.8 

20.8 
22.4 
23.9 
27.3 
28.5 

27.7 
21.6 
18.2 
17.3 
17.2 
29.5 
25.1 
22.5 
20.5 
19.4 

A i r  
re1 oc i tj 
ft /sec 

71.2 
69.0 
76.8 
71.2 
82.2 
90.3 
69.8 
79.6 

102.4 
106.1 
99 .o 
47.0 
56.7 
57.5 
58.9 
52.3 
45.1 
41.4 
57.2 

47.0 
49.8 
66.3 
67.9 
68.9 
66.9 
52.4 
52.0 
49.4 
47.1 

64.2 
67.4 
67.1 
73.8 
72.9 
70.6 
72.3 
74.2 
66.5 
62.3 
58.2 
60.0 

47.8 
50.3 
54.6 
60.1 
61.1 
69.1 

58.3 
60.3 
56.4 
54.5 
53.4 
54.3 
56.7 
55.5 
51.3 
60.8 
66.2 
75.3 
79.5 

84.6 
78.5 
73.6 
64.4 
61.7 

43.6 
55.9 
66.4 
69.8 
70.2 
40.9 
48.1 
53.7 
59.8 
62.2 
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TABLE I. - C o n t i n u e d .  
COMBUSTION STABILITY DATA 

( b )  C o n c l u d e d .  Number of o r i f i c e s ,  two; f u e l  t e m p e r a t u r e ,  
85' F; a i r  t e m p e r a t u r e ,  85O F 

0.052 

r--- 

O r i f i c e  
s p a c i n g ,  

i n .  

A i r f l o w  
r a t e ,  

l b  
l s e c ) ( s q  f 

~ 

F u e l - f l o x C o m b u s t y  1 
r a t e ,  s t a t i c  v e l o c i t y ,  
l b / h r -  1 p r e s s u r e ,  1 f t / s e c  1 

O r i f i c e  in. H g  a b s  

0.932 
1.245 
1.497 
1 . 7 2 1  
1 .980  

.442 

1 .140  
.955 
.756 

1 . 0 4 1  
1.152 
1 . 4 2 0  
1.650 
1 .920  
2 .230  

.370 

.527 

.682 
-832  
.142 
.200 
.263 
.324 
.384 

.949 I 
1.128 
1.427 
1.802 

.369 

.525 

.680 

.834 
.989 

.888 
1.069 
1.280 
1.578 
1.878 

-383  
.538 
.696 
.850 

1.016 
.171 
.230 
.292 
.354 

2.039 1 
1 .821 
1.610 
1.418 I 
1 .212 I 

.345 
- 5 0 2  
.578 
.832 
.140 
.202 
.263 
.324 
.384 - 

- 

25.8 
2 1  .o 
20.1 
1 9 . 1  
1 8 . 1  
20.9 
23.6 
26.4 
29.7 

23.5 
25.8 
27.8 
29 .1  
27.7 
24.4 
25.2 
24 .1  
23 .o 

22.2 
19 .4  
1 7 . 7  
17.3 
1 5 . 0  
21.6 
21.4 
22.7 
21.4 

1 8 . 7  
16 .4  
13 .6  
13 .8  
24.5 
22.2 
20.0 
18.0 
13.9 

24.7 
21.5 
1 8 . 6  
1 6 . 1  
1 6 . 1  
25.0 
25.7 
23.9 
22.4 
24.5 
19 .2  
24.4 
23.9 
25.3 

21.5 
21.9 
25.2 
26 .o 
28.7 
28.2 
33 .0  
28 .9  
29.7 
17.9 
19.6 
20.4 
23.3 
25.0 

- +  ---I 54.8 
67 .1  

77.9 
67.4 
59.7 
53.4 
47.4 

74.6 
67 .9  
63 .O 
60 .5  
63.5 
72.1 
69.8 
73 .O 
76 .5  

54 .6  
62.5 
68.5 
70.0 
80.8 
5 6 . 1  
55.6 
53.4 
56.6 

75.7 
86.4 

104 .1  
102.6 

57.8 
63.8 
70.8 
78.7 

101.9 

71.3 
81.9 
95.0 

109.4 
109 .4  

70.4 
68.5 
73.7 
78.6 
71.9 
91.7 
72.2 
73.7 
69.6 

129.4 
127.0 
110.4 
107.0 
9G.9 
98.6 
84.3 
96.3 
93.7 

155 .4  
142 .0  

1 136 .3  1 119.4 
111.3 

~~ 
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i .a95 
.380 
.263 
.183 
.138 

TABLE I. - C o r ~ u i u d r d .  COl.WdS'TIOi4 STSIILITY DATA 

( c )  Number of o r i f i c e s ,  four (0.028-in. dlam.)  and two (0.081-in.  diam.) ;  
f u e l  temperature ,  85O F; a i r  temperature ,  85O F 

~ 

:ombust or 
s t a t i c  

r e s s u r e ,  
in. Hg abs 

25.0 
29.3 
29.4 
26.8 
24.7 
22.9 
22.4 
21.9 
21.4 
20.5 
20.2 
19.9 

12.2 
14.2 
15.8 
15.9 
17.2 

13.5 
16.0 
17.8 
17.7 
19.1 
18.6 
19 .o 
20.9 
19.5 
19.3 
18.1 
19.1 
18.0 

14.0 
16.8 
19.6 
19.7 
22.3 
21.7 
22.0 
20.9 
20.3 
19.9 
19.8 
19.5 
19.5 
1% 

- 

r i f i c e  
s i z e ,  

i n .  

~ 

O r i f i c e  
spacing,  

I n .  

~~ 

Airflow 
r a t e ,  

Fuel-flow 
r a t e ,  
lb/hr-  

o r i f i c e  

0.0480 
.0590 
.0712 
.OB46 
.0976 
.131 
.144 
.1655 
.1835 
.205 
.220 
.274 

.276 

.373 

.538 

.815 
1.040 

.303 

.405 

.586 

.798 

.977 
1.120 

.660 

.754 

.920 
1.083 
1.247 
1.406 
1.568 

.360 

.504 

.716 

.724 

.913 
1.095 
1.257 
1.380 
1.518 
1.732 
1.880 
2.045 
2.205 

~ 2.365- 

- .- 

Bar 
ize, 
i n .  

A i r  
r e l o c i t y ,  
f t / s e c  l b  

sec)(sq f t J  

1.54 
_ _ _ ~  

25.5 
21.8 
21.7 
23.8 
25.8 
27.8 
28.5 
29.1 
29.8 
31.1 
31.6 
32.1 

82.3 
70.7 
63.5 
63.1 
58.4 

102.8 
86.7 
72.0 
78.4 
72.6 
74.7 
74.6 
67.8 
72.7 
73.4 
78.3 
74.2 
78.7 

139.9 
116.5 
99.9 
89.5 
79.0 
81.2 
80.1 
84.3 
86.8 
88.6 
89 .o 
90.5 
90.3 
92.3 
-~ 

M 1.5 0.5 

1 

0.1 

3.4 

I 

( d )  Number of o r i f i c e s ,  two; f u e l  temperature ,  
1200' F; a i r  temperature ,  90' F 

__ 
B a r  

i i z e ,  
in. 

O r i f i c e  
spacing,  

i n .  

:ombus t o r  
s t a t i c  

p re s su re ,  
i n .  Hg abs 

Air 
veloc 1 t y, 

f t / s e c  
r a t e ,  
lb/hr-  

0.440 
.667 

22.5 
22 .o 
18.9 
23.3 
25.3 
25.0 
19.1 

25.1 
24.3 
19.5 
20.5 
24.8 
26.5 
26.7 

20.8 
26 .O 
27.8 
21.5 

~ 

53.8 
55.0 
64.0 
51.9 
47.8 
48.4 
63.3 

56.1 
57.7 
71.9 
69 .O 
57 .O 
53.4 
53.0 

84.8 
67.8 
63.4 
81.9 

~ 

3 0 

3.4 .539 
.827 

1.038 
.136 
.190 
.289 
.391 
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Fuel supply 

IF 

1 
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Static-pressure 
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Spray bar and 
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Figure 2. - Combustor. 
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Symbol for 
vertical  s ta t ion  
o o o a  

in jec t  ion 
r bar 

Cmbustor cross section at  point 
. of fuel injection, looking downstream 

Distance from top 

( a )  Combustor s t a t i c  pressure, 26.8 inches Of (b) Combustor s t a t i c  pressure, 14 .0  inches of 
mercury absolute. mercury absolute. 

Figure 3. - Combustor-inlet air velocity profile.  
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(b)  Airflow, 4.2 pounds per second per square foot. 

Figure 4. - Continued. Variation of canbustion s t a b i l i t y  with fuel inject ion angle. 
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1. 2 1. 6 2.0 2 .4  
F u e l  f l o w ,  l b / h r - o r i f i c e  

F igu re  5. - V a r i a t i o n  of blowout pres su re  wi th  f u e l  flow. (Two 0.052- 
in .  o r i f i c e s  spaced 0.5 in. apart  on a 0.375-in. -d im.  spray bar. ) 
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(a) 0.188-Inch-diameter spray bar. I 

. 4  8 1.2 1. 6 2.0 2.4 
Fuel f low,  lb/hr-orifice 

(b) 0.625-Inch-diameter spray bar. 

Figure 6. - Effect of spray-bar size on blowout pressure for two 0.052- 
inch orifices spaced 0.5 inch apart. 



(c) Airflow, 4.3 pounds per second per square foot of 
combustor cross section. 

Figure 7. - Variation of stability with spray-bar size with 
constant orifice separation. 
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28 
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20 

Airflow, 

- lb/( see )  (sq f t )  - 
A 4.3 
0 
1 

3.4 
2.9 - - 

( a )  0.75-Inch o r i f i c e  spacing. 

16 
0 . 4  .8 1.2 1. 6 2 . 0  2 . 4  

Fuel flow, lb /h r -o r i f i ce  

(b) 0.25-Inch o r i f i c e  spacing. 

Figure 8. - Effec t  of o r i f i c e  spacing on blowout pressure for two 0.052- 
inch o r i f i c e s  on a 0.375-inch-diameter spray bar. 
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Figure 11. - Effec t  of f u e l  temperature on blowout pressure 
f o r  two 0.052-inch-diameter o r i f i c e s  spaced 0.5 inch apa r t  
on a 0.375-inch-diameter spray 'bar. 
1200' F. 

Fuel temperature, 
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